Abstract: Two series of compounds, one comprising of 2-(2′-hydroxyphenyl)benzoxazole (HBO), 2-(2′-hydroxyphenyl)benzimidazole (HBI), 2-(2′-hydroxyphenyl)benzothiazole (HBT), and the other of 2-(2′-hydroxyphenyl)oxazole (HPO), 2-(2′-hydroxyphenyl)imidazole (HPI) and 2-(2′-hydroxyphenyl)thiazole (HPT) are susceptible to ground state rotamerization as well as excited state intramolecular proton transfer (ESIPT) reactions. Some of these compounds show experimental evidence of the existence of two ground state conformers. Out of these two one undergoes ESIPT reaction leading to the formation of the tautomer. The two photophysical processes, in combination, result in the production of a number of fluorescence bands each one of which corresponding to a particular species. Semiempirical AM1-SCI calculations have been performed to rationalize the photophysical behaviour of the compounds. The calculations suggest that for the first series of compounds, two rotational isomers are present in the ground state of HBO and HBI while HBT has a single conformer under similar circumstances. For the molecules of the other series existence of rotamers depends very much on the polarity of the environment. The potential energy curves (PEC) for the ESIPT process in different electronic states of the molecules have been generated theoretically. The simulated PECs reveal that for all these systems the IPT reaction is unfavourable in the ground state but feasible, both kinetically and thermodynamically, in the S 1 as well as T 1 states.
Introduction
Excited state intramolecular proton transfer (ESIPT) is complementary to the excited state intermolecular proton transfer (ESPT) in the subject of photoexcited state proton transfer reaction. The huge potential in the ESIPT process has provoked massive interest among the photophysicists and photochemists. Studies range from the choice of a variety of homo-and heterocyclic aromatic molecular systems to a wide variety of pure and mixed homogeneous and microheterogeneous solvents [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This phenomenon has widespread implications in photostabilizers [12] , laser dyes [13] and also in the biological fields [14] . In organic bifunctional molecules, containing both the hydrogen atom donor and acceptor groups in close proximity, an intramolecular hydrogen bond is generally formed in the ground electronic state [15] . A distance of < 2 Å between the donor and the acceptor atom favours the migration of the proton to produce a phototautomer in the excited state [16] . The ESIPT process is extremely fast occurring within subpicosecond time scale that falls within the range of the period of low frequency vibrations. The Franck-Condon excited state of the molecule is very close to the intersection zone of the potential energy surfaces of the two prototropic species. Thus, upon excitation, the molecule passes to the potential well of the tautomeric species almost instantaneously and then relaxes vibrationally [17] [18] [19] [20] [21] . The tautomeric transformation barrier is very low; greater than the energies of the lowest frequency vibrations but similar to, or smaller than those of the stretching modes of the concerned compound skeleton. Analysis of the molecular geometry as a function of the reaction coordinate for the phototropic process shows that the proton transfer process takes place in the molecular plane [22] .
The family of molecules in the azole category has been dealt with by several research groups in explaining the various aspects of excited state intramolecular proton transfer [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The early studies on 2-(2′-hydroxyphenyl)benzoxazole (HBO) and 2-(2′-hydroxyphenyl)benzothiazole (HBT) were done by Cohen and Flavian [31, 32] , who compared the behaviour of these compounds with Nnitrosalicylideneanilines in different solvents. Various experiments were performed by Elsaesser and Kaiser [33, 34] on ESIPT of HBT in the picosecond time scale. Their visible and infrared spectroscopic data suggested that the potential energy surface of the transferred proton is anharmonic. The transient absorption kinetics of the keto-enol tautomerization of HBO and its derivatives in the triplet state displays the hydrogen-tunneling and the isotope effects in the process when the former molecules are coupled with their deutero derivatives [35] . The studies were further extended by Douhal et al. [36] to low temperature measurements using femtosecond spectroscopy. The time-resolved measurements indicate a short-lived initial Franck-Condon distribution that evolves into a distribution of vibrational levels which partly belong to the excited keto form of the molecule. They have also calculated the molecular geometry of the excited enol and keto forms using the MNDO methods [36] . Effect of rotamerism and hydrogen bonding on the ESIPT in HBO and HBI has also been studied using steadystate and time-resolved emission spectroscopy at various temperatures and by semi-empirical quantum mechanical methods like CNDO/SCI and AM1 [16, 37] .
Spectroscopic and theoretical studies have also been performed with compounds of the second series, viz., 2-(2′-hydroxyphenyl)oxazole (HPO), 2-(2′-hydroxyphenyl)imidazole (HPI), 2-(2′-hydroxyphenyl)thiazole (HPT) [27, 38] . Though reports are limited, the experimental observations with this group of compounds grossly run parallel to those for the compounds of the other group.
The overall photophysics of the compounds of the two series, comprised of the ground state rotamerization and ESIPT, follows a strict conformational requirement. Scheme 1 shows the structures of the three possible isomeric forms involved. In principle, there may be two possible intramolecularly hydrogen bonded rotamers. However, experiments suggest that upon excitation only the normal form (I in scheme 1) undergoes ESIPT to give the corresponding tautomer resulting in an emission with a large stokes shift [39] . The rotamer (II in scheme 1) does not undergo ESIPT reaction and its short wavelength emission shows a mirror image relation with the corresponding absorption [16] . The excitation spectra of the rotamer and the tautomer emission show a large change in their relative intensities with a change in temperature. There is also a difference in the temporal behaviour of the fluorescence decay of the rotamer and the formation of the tautomer [18, 39] . These evidences indicate that the electronic excitation of the species leads to the ESIPT product from only one of the two rotameric forms in selected solvents [23, 25, 27, 28, [33] [34] [35] 37, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Mordzinski and Grellmann suggested that a thermally activated radiationless transition dominates the decay of the photoproduced keto form at room temperature, whereas, at lower temperature, fluorescence and intersystem crossing are the main deactivation processes [40] . The effects of hydrogen tunnelling and isotopic substitution on the keto-enol tautomerization in HBO were added investigations [35] . Apart from different homogeneous media, the photophysics of HBO has also been studied in microheterogeneous environments provided by the cyclodextrins [7, 9] .
Several theoretical works including ab initio [23, 44] , density functional theory [25, 45] and semiempirical methods [49] [50] [51] [52] have corroborated different aspects of the experimental findings in various ways. However, these theoretical studies are rather scattered. The theoretical description of the ESIPT trajectory and hence its thermodynamic and/or kinetic aspects have hardly been attempted in detail. Furthermore, there is still a lack of sufficient experimental data for the series HPO, HPI and HPT in terms of their photophysics. The success of the simple modelling in explaining the ground state rotamerization and excited state intramolecular photoprocesses for the two above mentioned series of compounds in our previous works [51, 52] led us to make, for the general readers, a comprehensive theoretical study on the related aspects of the two series of compounds together in a common framework. The semi-empirical AM1-SCI method has been used for the calculations. The excitation, fluorescence and phosphorescence spectral positions for the corresponding molecules have been assigned from the different energy states in some selected solvents and compared with the available literature data. The feasibility of ESIPT reaction in the compounds has been corroborated from the simulated potential energy curves (PEC) for the intramolecular proton transfer (IPT) process.
Quantum Chemical Calculations
Although ab initio calculation is more reliable than the semi-empirical ones because there is no apriori approximation involved in the former, from the practical point of view this method can be applied only to small molecular systems. For larger molecules semi-empirical molecular orbital methods are better compromise as they are some orders of magnitude faster than the ab initio method and give calculated results which agree with the experimental ones within acceptable limits [48] [49] [50] [51] [52] [53] .
The commercial package, HYPERCHEM 5.01 has been used for the present semi-empirical calculations [56] . The ground state (S 0 ) geometries of the molecules have been optimized using the AM1 method. Subsequently, AM1-SCI (singly excited configuration interaction) has been performed to get the ground state energy (E g ), dipole moments in the ground and excited states and the transition energies (∆E i→j ) to different excited electronic states. For the CI calculations we have considered only the single electronic transitions between all the configurations (around 100 in number) within a predefined energy window (13-14 eV, depending on the molecular system) from the ground state.
∆E i→j corresponds to the excitation of an electron from the orbital φ i (occupied in the ground state) to the orbital φ j (unoccupied in the ground state). The total energy of the excited state (E j ) was then calculated as E j = E g + ∆E i→j . The CI wavefunctions have been used to generate orbitals and oneelectron density matrices, which were used, in turn, to calculate the dipole moments of the excited states of the molecular systems. The nature of the electronic transitions has been determined from the individual eigenvectors.
To find the relative stability of the different rotational conformers (rotamers), the torsional angle between the hydroxyphenyl plane and the heterocyclic plane has been preset to different values followed by a full optimization of all other geometrical parameters. With these optimized structures, the SCI was performed within the aforesaid energy window to get the energies and dipole moments corresponding to the ground (S 0 ) as well as different excited electronic states (S 1 , T 1 , etc.).
To study the intramolecular proton transfer (IPT) reaction, the potential energy curves (PEC) for the process have been generated. The distance between the dissociable hydrogen of the hydroxyl group and the nitrogen atom (to which the hydrogen gets attached when tautomer is formed) involved in the process has been considered as the reaction coordinate. The total procedure was repeated to get the energies and dipole moments of the species on the trajectory of the reaction in different electronic states. The PECs in the corresponding electronic states give the enthalpy of reaction (∆H) and activation energy (E act ) for the IPT reaction of the fluorophores.
The solvent stabilization of the different states has been calculated from the solvation energies based on Onsager's theory [57] . Assuming that the solute molecule, having a dipole moment µ i in the i th electronic state, to be fully solvated, the solvation energy is given by
where ε r is the bulk relative permittivity of the solvent and a, the cavity radius. The maximum molecular length for the optimized geometry has been taken as the cavity diameter for the molecular systems (10.92, 10.94 and 11.14 Å for HBO, HBI, HBT and 8.50, 8.46 and 8.72 Å for HPO, HPI, HPT respectively). It is pertinent to mention here that specific short range interactions like hydrogen bonding etc. have not been considered for the present work.
Results and Discussion
To establish the applicability and to ensure the reliability of the present method of calculation we have compared the structural data obtained from our semi-empirical AM1 calculation with those of the crystallographic ones reported in the literature. The crystallographic data are readily available for HBT [58] and 2-(3-methoxy-2-hydroxyphenyl)benzimidazole (MHBI) [59] . Table 1 compares the calculated parameters of the optimized ground state geometries with the crystallographic data for both the molecular systems [60] . Considering that the calculations are semiempirical (AM1), the agreement between the calculated data and the crystallographic ones are reasonably good. Table 2 [16] . Figure 3 indicates the existence of only one stable form of HBT in the ground state, the normal (I) one. Calculation shows insignificant energy barrier for the interconversion between the Table 2 . Equilibrium parameters of different photoisomers of HBO, HBI, HBT and HPO, HPI, HPT in different electronic states. R [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] represents the interatomic distance between the two atoms for the first series and R [8] [9] [10] [11] [12] [13] represents it for the other series referred to by the numbers (see Scheme 1). T 7-8-10-11 is the torsional angle developed by the atoms of the first series and T 2-1-7-8 is that developed by those of the second series. 
Intramolecular rotation
2.54  4.00 R [8] [9] [10] [11] [12] [13] 2.14  1.00 normal and rotameric forms and thus rules out the independent existence of the rotamer. The instability of the rotamer of HBT has been supported by Nagaoka et al. [44] from their ab initio calculations. The differential behaviour of HBT compared to that of HBO and HBI may be incurred due to the low electronegativity and the bulkier size of the sulfur atom [44] The fact that the rotational behaviours of HPO, HPI and HPT are grossly similar to those of the corresponding benzo analogues is obvious from figures 1-6. isolated nor solvated conditions. The recent experimental study of Le Gourriérec et al. [27] rules out the existence of II and corroborates our proposition. The non-existence of the rotamer of HPT has been rationalized from a greater single bond character of the bond joining the phenol and the azole rings and thus allowing for more twisting vibrations whereby the rotamer is unable to get any well-defined stability. HBT and HPT behave similarly in this respect [44] . Tables 6, 7 and 8 report the calculated parameters for HPO, HPI and HPT respectively. 
Assignment of the electronic spectra
The excitation, fluorescence and phosphorescence spectra of HBO, HBI, HBT and HPO, HPI, HPT in some common solvents differing in polarity have been calculated and discussed in this section. In pure and homogeneous solvents the solvation dynamics is faster than the fluorescence decay rate [61, 62] . give rise to absorption bands with broad maxima leading to the transition to the upper vibrational levels of S 1 as well. From the proximity of the spectral data and our calculated transitions, we ascribe that the S 1 and T 1 states effective for the ESIPT process are both of ππ* nature. This is consistent with the literature reports [16, 25, 27, 33, 50] . *Since the experimental values for HPT system are not available, the data in the table refer to the spectral positions for 2-(2′-hydroxyphenyl)-4-methylthiazole and they have been taken from reference [27] .
Intramolecular proton transfer
The potential energy curves (PEC) for the intramolecular proton transfer (IPT) process of the probes have been generated in S 0 , S 1 and T 1 states, considering the distance between the migrating hydrogen atom and the relevant heteroatom to which the hydrogen is joined after proton transfer. Figures 7-12 represent the simulated PECs for the IPT process of the fluorophores HBO, HBI, HBT, HPO, HPI and HPT respectively in the three electronic states in isolated as well as in ethanolic solutions. Calculations on all the molecular systems, thus, indicate that the activation barrier for the IPT reaction in the ground state is appreciably higher than those obtained in the lowest excited singlet (S 1 ) and triplet (T 1 ) states. As has been discussed before, the ∆H parameter also favours the proton transfer reaction in the excited states compared to the S 0 state. Hence, although the IPT process in infeasible in the ground state, the photoinduced proton transfer reaction is feasible in the S 1 and the T 1 states from both thermodynamic and kinetic reasons. The activation barriers from our calculations appear to be a little higher than the experimental values [11, 16, 25, 27, 37, 48, 53] . This deviation may be because of the fact that the short range specific interactions, like hydrogen bonding, have not been considered in the present work. In any case, for all the systems the predicted trends of the occurrence of the photoprocesses and the spectral patterns match well with the experimental results. So far as the other series of compounds is concerned, in vacuum and in the common solvents, HPO
gives rise to two rotameric forms in the ground state through a rotation about the single bond connecting the phenol ring and the azole ring. On the other hand, no stability to the rotamer (II) is offered by HPT leading only to the existence of the normal form (I) in all such conditions. For HPI, both the normal (I) and the rotamer (II) can be obtained in isolated condition or in solvents of low polarity while in high polarity solvents only the normal form survives.
Compounds of both the series consolidate that the intramolecular proton transfer (IPT) reaction is unfavourable in the ground state from both the thermodynamic as well as kinetic reasons. However, both the factors favour the excited state intramolecular proton transfer (ESIPT) process in the lowest excited singlet and triplet states.
